Given the complexity of the brain, characterizing relations among distributed brain regions is likely essential to describing the neural instantiation of posttraumatic stress symptoms. This study examined patterns of functional connectivity among key brain regions implicated in the pathophysiology of posttraumatic stress disorder (PTSD) in 35 trauma-exposed adults using an emotion-word Stroop task. PTSD symptom severity (particularly hyperarousal symptoms) moderated amygdala-mPFC coupling during the processing of unpleasant words, and this moderation correlated positively with reported real-world impairment and amygdala reactivity. Reexperiencing severity moderated hippocampus-insula coupling during pleasant and unpleasant words. Results provide evidence that PTSD symptoms differentially moderate functional coupling during emotional interference and underscore the importance of examining network connectivity in research on PTSD. They suggest that hyperarousal is associated with negative mPFC-amygdala coupling and that reexperiencing is associated with altered insula-hippocampus function, patterns of connectivity that may represent separable indicators of dysfunctional inhibitory control during affective processing.
Brief Empirical Report
The complexity of the human brain makes characterizing relations among distributed neural networks central to advancing research on the etiology and treatment of psychiatric symptoms (Morris & Cuthbert, 2012) . Methodological advances have made it possible to move beyond modular models of neural dysfunction toward an understanding of how distinct regions work in concert to produce psychiatric symptoms (Menon, 2011) . To begin to characterize these relationships in posttraumatic stress disorder (PTSD), the present study examined patterns of functional connectivity among brain regions associated with the pathophysiology of PTSD symptoms in traumaexposed individuals.
A widely studied model of neural dysfunction in PTSD (Rauch, Shin, & Phelps, 2006; Rauch, Shin, Whalen, & Pitman, 1998) posits that hyperactivation in amygdala and inadequate top-down regulation by medial prefrontal cortex (mPFC) and hippocampus cause deficits in fear conditioning, habituation, and extinction. Hyperactivity in amygdala may promote hypervigilance to threatrelated stimuli and heightened fear acquisition, given its role in evaluating threat and ambiguity (Anderson & Phelps, 2001) . Furthermore, animal models indicate that amygdala and mPFC are highly interconnected (McDonald, 1991) , and mPFC plays a critical role in successful execution and maintenance of fear extinction (Morgan, Romanski, & LeDoux, 1993) , potentially through top-down regulation of amygdala (Phelps, Delgado, Nearing, & LeDoux, 2004) . Other research suggests that amygdala inhibits mPFC (Garcia, Vouimba, Baudry, & Thompson, 1999) , calling into question the directionality 530113C PXXXX10.1177/2167702614530113Sadeh et al. PTSD and Functional Connectivity research-article2014 of the regulation deficits associated with mPFC-amygdala coupling. Hippocampus is also connected with amygdala and encodes contextual information during fear conditioning (Phillips & LeDoux, 1992) . Impaired amygdalahippocampus connectivity may result in poor consolidation of trauma-related memories and contribute to overgeneralization of perceived threat to safe contexts (Wilker & Kolassa, 2013) .
Functional magnetic resonance imaging (fMRI) research largely supports a model of abnormal amygdala, hippocampus, and mPFC function (Shin et al., 2005; Shin, Rauch, & Pitman, 2006) . Hyperactivation in amygdala and hypoactivation in prefrontal cortex, particularly mPFC, correlate with PTSD severity and trauma exposure (Patel, Spreng, Shin, & Girard, 2012) . There is also evidence of variability in the activation patterns of these neural networks, with a recent meta-analysis reporting hippocampal over-engagement rather than hypoactivation in PTSD (Patel et al., 2012) . Examining heterogeneity in neural network coupling as a function of the PTSD symptom clusters can be a stepping stone toward testing whether affective and cognitive processing vary with symptom prominence.
Interest in dysfunctional neural networks in PTSD is growing, and preliminary research suggests that PTSD moderates network connectivity. PTSD modulates resting-state connectivity between posterior cingulate/ precuneus and regions consistently linked to PTSD (Bluhm et al., 2009) . Studies have also identified modified connectivity in PTSD in response to unpleasantly valenced stimuli, with one study suggesting that insula positively influences cortical regions typically involved in cognitive control (Mazza et al., 2013) . Given that research in this area is currently limited, continued investigation of functional coupling can help further characterize neurocircuitry abnormalities associated with PTSD.
The present study tested the hypothesis that PTSD severity moderates functional connectivity in traumaexposed individuals during emotional interference using an emotion-word Stroop task. The vast majority of pathophysiology studies have examined the presence or absence of PTSD. However, taxometric analyses indicate that the latent structure of the disorder is dimensional (Ruscio, Ruscio, & Keane, 2002) , and preliminary data suggest there is heterogeneity in the neural correlates of the symptom clusters (Hopper, Frewen, van der Kolk, & Lanius, 2007; Lanius et al., 2005) . Thus, identifying relationships between individual symptom clusters and patterns of neural connectivity is a potential means for parsing etiological heterogeneity in PTSD. Emotion Stroop tasks have been widely utilized in research on PTSD because they assess the interplay between sensitivity to emotional distraction and cognitive control. Previous work using emotion Stroop tasks has found diminished anterior cingulate activation in PTSD versus non-PTSD comparison groups to emotionally distracting stimuli (Bremner et al., 2004; Shin et al., 2001) . We predicted that overall PTSD severity would moderate coupling among amygdala, mPFC, and hippocampus when participants encountered unpleasantly valenced stimuli, based on evidence that PTSD is associated with inefficient cognitive control when negative valence systems are activated (Bremner et al., 2004; Cisler et al., 2011; Shin et al., 2001) . Given that few studies have examined functional coupling relationships with individual symptom clusters, specific hypotheses were not made about these relationships. However, because reexperiencing is associated with dysfunctional inhibition of intrusive thoughts (Vasterling, Brailey, Constans, & Sutker, 1998) and greater insula activation during emotional processing (Hopper et al., 2007) , these symptoms may be particularly likely to moderate functional coupling with insula.
Method

Participants
Participants were 35 adults (74% women) ages 18 to 50 (M = 33.8; SD = 11.2) who experienced a traumatic event meeting PTSD Criterion A of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR; American Psychiatric Association, 2000). Participants identified as White (79%), Asian (9%), Black (6%), Hispanic (3%), or mixed/other (3%). Information about income/socioeconomic status was not collected. The categories of traumatic events endorsed were witnessing death/injury (e.g., assault, combat; n = 12), sexual crime (e.g., rape, stalking; n = 10), accident (e.g., car accident; n = 5), physical assault (e.g., domestic violence; n = 5), natural disaster (e.g., typhoon; n = 2), and other crime (burglary; n = 1).
Measures
PTSD symptoms. Symptoms were assessed using the Structured Clinical Interview for DSM-IV-TR (SCID-IV-TR; First, Spitzer, Gibbon, & Williams, 2002 ). An advanced doctoral student rated the presence/absence of PTSD symptoms based on behavioral observations and participant self-report. Decisions were determined in consultation with G.A.M., a clinical psychologist very experienced in SCID diagnosis. Symptoms were summed to create a total PTSD severity score (M = 4.3, SD = 3.7) and three symptom-cluster scores: reexperiencing (M = 1.9, SD = 1.6), avoidance/emotional numbing (M = 1.1, SD = 1.3), and hyperarousal (M = 1.4, SD = 1.5). Although all participants were exposed to a Criterion A traumatic event, only a subset (n = 5) met full criteria for PTSD, with 25 participants meeting Criterion B, 6 participants meeting Criterion C, and 13 participants meeting Criterion D.
Emotion-word Stroop. On each trial, participants responded via button press to the ink color (red, yellow, green, blue) of a pleasant, unpleasant, or neutral word, presented in counterbalanced blocks (4 pleasant, 4 unpleasant, 8 neutral) of 16 words each. Word stimuli were selected from the Affective Norms for English Words (Bradley & Lang, 1998) . In all, 64 were pleasant (e.g., ecstasy, laughter), 64 were unpleasant (e.g., suicide, war, victim), and 128 were neutral (e.g., hydrant, carpet). Additional details are available in Sadeh et al. (2013) .
Data analysis
Reaction time (RT) and error frequency were analyzed using repeated-measures ANCOVAs with Emotion (pleasant, neutral, unpleasant) as the within-subject factor (contrasts were Valence [pleasant vs. unpleasant] and Arousal [emotion vs. neutral]), and continuous PTSD symptom counts (total severity or reexperiencing, avoidance, and hyperarousal entered simultaneously using the covariate function) as between-subjects predictors. Counterbalancing order was entered as a covariate.
The fMRI collection/preprocessing is described in Sadeh et al. (2013) , with the addition here of slice-timing correction. The fMRI pre/processing was conducted with FSL tools. Left/right amygdalae/hippocampi were used as seed clusters and segmented in each anatomical via FMRIB's Integrated Registration and Segmentation Tool (FIRST). Functional data were registered to the anatomical using Boundary Based Registration, and the inverse of this transform was applied to segmentations. Mean signal across voxels in each region of interest (ROI) was computed for each time point to create amygdalae/ hippocampi time series predictors. To model potentially confounding brainwide fluctuations (Fox, Zhang, Snyder, & Raichle, 2009) , the mean across all intracerebral voxels was calculated for each time point.
Predictors in time series regressions included an amygdala/hippocampus time series (one per analysis), task contrast (valence: pleasant = 1, unpleasant = -1; arousal: pleasant/unpleasant = 1, neutral = -1), and the Time Series × Contrast Predictor interaction. Three covariates were included, two modeling task-related variance and one brainwide signal fluctuations. Task predictors were convolved with a double-gamma function.
Time series × Task Contrast interaction β-maps were warped into MNI152 space using FMRIB's Nonlinear Image Registration Tool (FNIRT) and used as group-level dependent variables. Four analyses (one each for right/left amygdala/hippocampus) were conducted with total PTSD symptom score as a predictor, covarying counterbalancing order. Similar analyses were conducted with the three symptom-cluster scores entered simultaneously. Twotailed t tests were conducted on betas and converted to z-scores. Gaussian-random-field theory was used for multiple comparisons correction (z-threshold = 2.0537, overall p ≤ .05). A gray-matter mask was used to constrain the number of voxels under consideration.
To ascertain the impact of mPFC-amygdala coupling on task-related activation in amygdala and mPFC, first-level analyses were recomputed as in Sadeh et al. (2013) . Mean amygdala/mPFC activation to unpleasant was extracted and regressed on a variable representing the degree of amygdala-mPFC coupling, covarying counterbalancing order. Total PTSD symptom score was also covaried to ensure that variance shared with PTSD did not bias the analyses. Amygdala activation data from one participant were not used given data more than 3 SD from the mean across participants. A similar analysis investigated the relevance of dysfunctional amygdala-mPFC coupling to realworld impairment by regressing the Global Assessment of Functioning (GAF) SCID-IV-TR rating on the degree of amygdala-mPFC coupling during the unpleasant condition. Only significant findings are reported.
Results
Behavioral results
Analysis of RT produced a valence effect, F(1, 31) = 12.25, p < .01. Participants responded more slowly to color name unpleasant (M = 699.6, SD = 112.2) than pleasant words (M = 685.6, SD = 107.1).
PTSD severity moderated the impact of valence on error frequency, F(1, 30) = 4.54, p = .04, whereby more symptoms were related to greater color naming errors to unpleasant than pleasant words (r = -.36). PTSD severity also modulated the impact of arousal on error frequency, F(1, 30) = 4.13, p = .05, with more symptoms related to more color naming errors to emotion than neutral words (r = .35). Across conditions, greater PTSD severity was negatively associated with RT, F(1, 30) = 4.39, p = .04, and error frequency, F(1, 30) = 4.18, p = .05.
For symptom clusters, reexperiencing moderated the impact of valence on RT, F(1, 30) = 4.27, p = .05, with longer RT to color name pleasant than unpleasant words. Further examination revealed that individuals high on reexperiencing had similar RT for both conditions, whereas individuals low on reexperiencing had longer RT to color name unpleasant words.
Moderation of coupling by PTSD severity
PTSD severity moderated valence-related coupling between right amygdala and a cluster in mPFC that included pregenual anterior cingulate and paracingulate (21,296 mm 3 , p < .01, max z = 3.93 at xyz = [0, 34, 12] ). Individuals with more severe PTSD had a small degree of positive coupling during pleasant and strong negative coupling during unpleasant stimuli (Fig. 1) .
To aid in interpreting this finding, an analysis was conducted that examined whether greater negative coupling during the unpleasant condition was associated with greater amygdala reactivity (possibly due to impaired topdown mPFC regulation of amygdala). Amygdala activation to unpleasant stimuli was regressed on the degree of amygdala-mPFC coupling during unpleasant words. As illustrated in the rightmost panel in Figure 1 , coupling was negatively related to amygdala activation (β = -.54, p = .05, ΔR 2 = .12), consistent with a model of impaired downregulation of amygdala by mPFC. In contrast, coupling was unrelated to mPFC activation (β = -.01, p = .98, ΔR 2 = .00). In addition, coupling correlated positively with GAF (β = .54, p < .01, ΔR 2 = .26), suggesting that greater (negative) amygdala-mPFC coupling relates to worse functional impairment in trauma-exposed individuals.
Total PTSD symptom score also moderated valencerelated coupling between a highly overlapping cluster in mPFC and left amygdala (8,496 mm 3 , p < .01, max z = 3.75 at xyz = [0,32,14]), right hippocampus (9,416 mm 3 , p < .01, max z = 3.61 at xyz = [-4,46,8] ), and left hippocampus (2,904 mm 3 , p = .05, max z = 3.16 at xyz = [0, 30, 16] ). Given the similarity of these findings, moderation of connectivity with each subcortical structure was reexamined while partialling out variance related to connectivity with the other subcortical structures. Only coupling with right amygdala survived this analysis (t = 2.42, p = .02), suggesting that the findings for left amygdala and hippocampus are due to shared variance.
Moderation of coupling by PTSD symptom clusters
Hyperarousal moderated valence-related coupling between right amygdala and a mPFC cluster (3,656 mm 3 , p = .02, max z = 3.77 at xyz = [4, 44, 16] ) that overlapped considerably with that found in the analyses above (that examined total PTSD symptoms), and reflected stronger negative coupling during unpleasant stimuli. To determine whether particular hyperarousal symptoms drove this moderation, the degree of amygdala-mPFC coupling was extracted for each participant and the analysis repeated with individual symptoms entered simultaneously as predictors. Exaggerated startle (t = 3.32, p < .01), difficulty concentrating (t = 2.12, p = .05), and hypervigilance (t = 2.01, p = .05) each contributed unique variance. Hyperarousal also moderated valence-related coupling between right hippocampus and a similar mPFC cluster (3,488 mm 3 , p = .03, max z = 3.06 at xyz = [4,52,32]), although this finding is likely due to shared variance with right amygdala, as observed for total symptom score.
Reexperiencing moderated valence-related coupling between right hippocampus and a cluster in left anterior insula/putamen (2,416mm 3 , p = .03, max z = 3.23 at xyz = [-32,10,-10] ). Individuals with more severe reexperiencing symptoms had a larger degree of positive coupling during pleasant words, whereas coupling was strongly negative during unpleasant words (Fig. 2) . When examining specific symptoms, both acting/feeling as if the event were recurring (t = 2.13, p = .04) and psychological distress in response to reminders of the event (t = 2.31, p = .03) moderated hippocampus-insula/putamen coupling. Avoidance symptoms did not moderate coupling between brain regions of interest.
Discussion
Clarifying network connectivity in trauma-exposed individuals has the potential to advance etiological models of posttraumatic stress, improve diagnostic reliability/ validity, and identify innovative intervention targets. Accordingly, the present study tested the hypothesis that PTSD severity would moderate functional connectivity in trauma-exposed individuals during an emotional Stroop task. First, findings provide evidence of PTSD-related moderation of mPFC-amygdala connectivity, characterized by strong negative coupling during unpleasant distractors. This inverse coupling was strongest for the hyperarousal symptom cluster and is consistent with widely studied models of PTSD that emphasize the centrality of deficits in cognitive control when negative valence systems are activated . Moderation of mPFC-amygdala connectivity by PTSD severity corresponded with real-world impairment, illustrating the potential clinical significance of this neural circuit for adaptive function. Second, reexperiencing severity was related to stronger negative coupling between hippocampus and anterior insula/putamen during unpleasant than pleasant words. Findings provide evidence that PTSD symptoms differentially moderate functional coupling during emotional interference and underscore the importance of examining network connectivity in future research on PTSD.
PTSD severity
Analysis of overall PTSD severity showed it moderated coupling between right amygdala and mPFC. Individuals with more severe PTSD evidenced strongly negative amygdala-mPFC coupling during the unpleasant condition (Fig. 1) , and this negative coupling was positively associated with impairment in real-world function (indexed by GAF). Notably, greater negative coupling predicted increased amygdala reactivity to unpleasant stimuli ( Fig. 1) but was unrelated to mPFC reactivity, suggesting that PTSD-related changes in coupling may be more relevant for amygdala than mPFC function. This negative coupling is consistent with the behavioral finding that PTSD severity was associated with greater color naming errors to unpleasant than pleasant words, suggesting more interference during unpleasant distractors. Interpreted in the context of theoretical models of neural dysfunction in PTSD, these findings suggest that individuals with more severe PTSD experience deficits in topdown mPFC regulation of amygdala. However, present analyses provide only a suggestion regarding the direction of influence, not a definitive test.
These results add novel information about potentially dysfunctional amygdala-mPFC coupling in traumaexposed individuals during emotional interference. The identified mPFC region is central to several key affective processes, including negative affect reduction (MyersSchulz & Koenigs, 2012) , attention to emotion (Grimm et al., 2006) , and recalling/recognizing affective aspects of memory (Grimm et al., 2006) . Of note, research indicates that this region is crucial to regulating affect via top-down control of amygdala. For example, stimulation of mPFC in rodents decreases responsiveness of output neurons in amygdala (Quirk, Likhtik, Pelletier, & Pare, 2003) . Mounting evidence also implicates ventral mPFC in successful fear extinction (Phelps et al., 2004) . The essential role of the mPFC-amygdala circuit in emotion regulation and fear extinction is consistent with the finding that coupling strength in this circuit predicted greater functional impairment in everyday life.
Hyperarousal and reexperiencing symptoms
Modulation of mPFC-amygdala neurocircuitry was particularly salient for hyperarousal symptoms. Insufficient regulation of amygdala in response to unpleasant/ threatening stimuli may manifest phenotypically as symptoms of hyperarousal, with exaggerated startle, hypervigilance, and difficulty concentrating emerging as the strongest indicators of this relationship. Individuals with hyperarousal are particularly reactive to threatening stimuli, and results suggest that this reactivity reflects negative coupling between top-down resources and amygdala, especially when attentional resources are taxed by competing emotional distraction. Disrupted topdown mPFC control may contribute to these symptoms and be self-maintaining, given that repeated activation of these neural pathways will increase efficiency over time (Collingridge, Peineau, Howland, & Wang, 2010) , potentially producing chronic hyperarousal.
Right-hippocampus-left-insula coupling was strongly positive during the pleasant condition and strongly negative during the unpleasant condition in individuals with more severe reexperiencing symptoms (see Fig. 2 ). Strong negative hippocampus-insula coupling during unpleasant words may reflect a tendency to disengage attention when confronted with unpleasant stimuli, given that RT interference from unpleasant words decreased as reexperiencing symptoms increased. Findings converge with evidence that individuals with prominent dissociative symptoms show greater insula activation to emotional stimuli (Aupperle, Melrose, Stein, & Paulus, 2012) , greater connectivity between regions associated with the representation of bodily states (insula, thalamus) during trauma recall, and reduced activation in parahippocampal gyrus (Lanius et al., 2002; Lanius et al., 2005) . Similarly, reexperiencing severity has shown positive associations with right anterior insula activity and negative associations with rostral ACC during exposure to script-driven imagery (Hopper et al., 2007) .
Reexperiencing symptoms are theorized to reflect greater encoding and organization of traumatic experience in somatic than declarative memory (van der Kolk, 1994) . Strong negative coupling between insula and hippocampus may reflect greater activation of somatosensory representations and reduced recruitment of hippocampally mediated episodic memory when processing unpleasant stimuli (Schonfeld, Ehlers, Bollinghaus, & Rief, 2007) , although the direction of the influence cannot be directly inferred, and other interpretations are possible. Research indicates that stress leads to worse recall, less effective hippocampal processing, and greater insula reactivity (Qin, Hermans, van Marle, & Fernandez, 2012) . Thus, traumatic stress may lead to "gist-based" memory consolidation that incorporates more general somatosensory representations rather than context-specific details (Oyarzun & Packard, 2012) , potentially leading to overgeneralization of memory (Schonfeld et al., 2007) .
Implications and Conclusions
Of clinical relevance, research on neural networks can help identify potential etiological heterogeneity within trauma-exposed individuals. For instance, strong negative mPFC-amygdala coupling may be a transdiagnostic indicator cutting across disorders with prominent hyperarousal symptoms. Similarly, dysfunctional coupling between hippocampus and anterior insula may represent a vulnerability to reexperiencing and dissociative symptoms extending beyond PTSD to other disorders commonly associated with trauma exposure (e.g., borderline personality disorder). Linking PTSD symptoms to neural networks can be used to develop cognitive training interventions aimed at altering network dysfunction. Treatments aimed at strengthening top-down amygdala coupling or reducing disengagement when confronted with unpleasant stimuli may be particularly relevant for improving cognitive control in individuals with hyperarousal and reexperiencing symptoms, respectively.
Present findings cannot speak to causal relationships between network connectivity and symptom manifestation, and prospective research is needed to ascertain whether network abnormalities represent vulnerabilities for PTSD and/or consequences of trauma exposure. Furthermore, null results should be interpreted with caution because of the modest sample size and potential restricted range in symptoms by not including more participants who met full DSM-IV-TR criteria. Strengths of the study include a well-validated emotional interference task and a theory-based analysis of key brain regions implicated in the pathophysiology of PTSD. The findings shed new light on neural mechanisms of PTSD, and provide preliminary evidence that features of the disorder show separable patterns of connectivity during emotional interference.
